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Neutron diffraction measurements were carried out for anion and cation exchange resins (AER and CER, respec-
tively) absorbing H/D isotopically substituted water molecules in order to obtain structural information on the hydrogen-
bonded network among water molecules within the resins. Partial structure factors, apu(Q), axu(Q), and axx(Q) (X:
atoms involved in the sample except for water-hydrogen atom), for AER and CER samples were respectively deduced
from combined analyses of intermolecular interference terms observed for resins containing D,O (99.8% D), 'H,0
(35.9% D), and ®?H,0 (67.9% D). The nearest neighbor distances, r(O~H) = 1.95(3) A and r(H~H) = 2.40(3) A,
determined for the AER sample agree well with those reported for pure liquid water. On the other hand, considerably
shorter intermolecular distances, r(O--H) = 1.78(3) A and r(H--H) = 2.28(3) A, were found for the CER sample, imply-
ing that the hydrogen-bonded network among water molecules in CER would be strongly affected by a highly acidic

environment.

Ion exchange resins provide wide applications in extensive
fields of fundamental and industrial chemical processes.'?
Considerable effort has been made to investigate the ion-ex-
changing mechanism within the resin, which is indispensable
to improve its performance. Recently, the swelling behavior
of sulfonated poly(styrene/divinylbenzene) cation exchange
resins were examined by means of small angle neutron scatter-
ing.? The swelling property was found to be strongly correlated
with the cross-linking density of the resin. No remarkable
change associated with the swelling was observed in the
microscopic structure within the order of tens to hundreds of
angstroms.’ The hydration structure of Ni>* and Li* in the
divinylbenzene cross-linked poly(styrene/sulfonate) cation
exchange resins has been reported by means of neutron diffrac-
tion with the isotopic substitution method.* An indication of a
decrease in the number of water molecules in the first hydra-
tion shell of Ni>* has been reported that suggests the presence
of a strong interaction between Ni>* and the sulfonate group in
the resin.* More recently, local structures of CI~ and Br~ in
the anion exchange resin have been investigated by XAFS.>
It has been found that the maximum hydration number of these
anions is 3 when they are bound by the ion-exchanging group
in the resin. Despite these efforts to elucidate structural prop-
erties of the ion exchange resins, no direct information con-
cerning the hydrogen-bonded structure among water molecules
in the resins has yet been obtained.

In the present paper, we describe the results of neutron dif-
fraction measurements on divinylbenzene cross-linked poly-
stylene based cation and anion exchange resins absorbing H/
D isotopically substituted water molecules in order to obtain
structural information on the hydrogen-bonded network among
water molecules within the resins.

Experimental

Materials.  Cation exchange resin (CER, AMBERLITE®
IR124H, H* form, divinylbenzene cross-linked poly(styrene/sul-
fonate)) and anion exchange resin (AER, AMBERLITE®
IRA402BL, OH™ form, divinylbenzene cross-linked poly(styrene/
trimethylammonium hydroxide)) both absorbing D,O were pre-
pared by soaking them into more than 10 times the molar quantity
of D,O (Kanto Chemical, 99.9% D) with respect to that of water
molecules within the resins. After equilibration for 24 h, extrane-
ous water outside the resin was then removed. This procedure was
repeated 3 times. Weighed amounts of resins absorbing D,O and
H,O were mixed to obtain resins involving water with an average
D content of 35.9% ("H,0, the average scattering length of the hy-
drogen atom, by, is set to be 0) and 67.9% (*2H,0, by = bp/2).
The water content inside the anion and cation exchange resins was
determined to be 70.0 and 47.1%, respectively. These correspond
to the stoichiometric representations, (AER)g 0434 (*H20)0.9565 and
(CER)g.1067(*H20)0.8033, where AER and CER stand for the aver-
age monomeric unit of anion and cation exchange resins, respec-
tively. Dried resins were prepared by dehydration at 40°C in a
vacuum dryer for 10 h. Each sample resin was sealed in a cylindri-
cal quartz cell (11.6mm in inner diameter and 1.2 mm in thick-
ness). The shape of the AER and CER resins was spherical with
an average diameter of 0.5 mm, which implies that the number
of resin beads exposed to the incident neutron beam in the present
experimental condition is ca. 4500, considering the packing frac-
tion of the wet resins, ~0.56, obtained from the measurement of
the apparent density. This ensures that the mixture of the D,O
and H,O absorbed resins can be regarded as an isotopic mixture
of H and D, and are adequate to use for deriving the partial struc-
ture factors. Sample parameters are summarized in Table 1.

Neutron Diffraction Measurements. The neutron diffraction
measurements were carried out at 25 °C using an ISSP diffractom-
eter 5G (PONTA) installed at the JRR-3M research reactor oper-
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Table 1. Isotopic Compositions, Mean Scattering Lengths, by, for Exchangeable Hydrogen Atom, To-
tal Cross Sections, and the Number Densities Scaled at the Stoichiometric Unit, (Resin),(¥*H,0),_,,
oy, and p, Respectively, for Samples Used in This Study

o

Samples H/% D/% by /1072 cm® o /barns® p/A73
(AER)( 0434(D20)0.9566 0.2 99.8 0.666 49.12
(AER)g.0434("H20)0.9566° 64.1 35.9 0 84.81 0.02044
(AER) 0434 (*2H20)0 9566 32.1 67.9 0.333 66.94
(CER)0.1067(D20)0.5933 0.2 99.8 0.666 43.21
(CER)g.1067("H20)0 8933 64.1 35.9 0 81.43 0.02710
(CER)g 1067(*"2H,0)0 8033 32.1 67.9 0.333 62.29

1033

a) Taken from Ref. 6. b) Calculated using total cross sections of D,O and H,O”*® for the incident
neutron wavelength of 1.089 A. ¢) The superscript 0 denotes the isotopic mixture with by = 0.
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Fig. 1. Observed scattering cross sections, (do/d2)°®, for
the anion exchange resin (AER) absorbed the water mole-
cules with different H/D ratios of exchangeable hydrogen
atoms and that for the dehydrated AER.

ated at 20MW in the Japan Atomic Energy Research Institute
(JAERI), Tokai, Japan. The incident neutron wavelength, 4 =
1.089 £ 0.004 A, was determined by Bragg reflections from the
KCI powder. Beam collimations were 40’'-80’-80 in going from
the reactor to the detector. The aperture of the collimated beam
was 20 mm in width and 40 mm in height. Scattered neutrons were
collected over the angular range of 3 < 26 < 102°, corresponding
to the scattering vector magnitude range of 0.30 < Q < 8.97 Al
(Q = 4msinf/A). The step interval was chosen to be A26 = (.5°
in the range of 3 <260 <40° and A20 = 1° in the range of
41 < 26 < 102°, respectively. The preset time was 180s for each
data point. Scattering intensities were measured in advance for the
dehydrated AER and CER samples, empty cell, vanadium rod of
10 mm in diameter, and instrumental background.

Data Reduction. The measured scattering intensities were

22 -
(CER)0.1067(*H20)0.8933

20 F .
18 I \\‘0. |

sl |

2 -

= ~.35.9% D (OH)|

E 14r Jﬁ\

<]

= 12 |- R

_8 . -

a ~.67.9% D (%-2H)

S0, o~ 1

3

Q/ A

Fig. 2. Same notations as in Fig. 1, except for the cation
exchange resin (CER) samples.

corrected for the background scattering, absorption of both the
sample, and cell.” The corrected count rate of the sample was con-
verted to the absolute scale by use of the corrected scattering
intensity from the vanadium rod. The observed scattering cross
sections for anion and cation exchange resins involving isotopical-
ly substituted water molecules are shown in Figs. 1 and 2, respec-
tively. The scattering cross section observed for the wet resins in-
volve contributions from the water—water, water—resin, and resin—
resin interactions. In order to extract the water—water and water—
resin interactions from the observed scattering cross section, it is
necessary to remove the intra- and intermolecular interference
contributions within the resin. In the present analysis, the observed
scattering intensities from the dehydrated resins were multiplied
by the mole fraction of the resin, x, defined by the stoichiometric
representation, (Resin),(*H,0);_,, and then subtracted from those
observed for the wet resins. The change in the microscopic struc-
ture in the divinylbenzene cross-linked ion exchange resins by
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Fig. 3. Observed difference scattering cross sections for

water molecules absorbed in the AER samples (dots) with
different H/D ratios of exchangeable hydrogen atoms.
Solid lines denote the sum of the intramolecular interfer-
ence term of the water molecule in Eq. 2 and the self scat-
tering term in Eq. 3.

swelling has been proved to be negligibly small at least within
the range of r < 10 A} where important short-range structural
information on the nearest neighbor intermolecular interactions
should be included. Furthermore, in the present experimental con-
dition, the observed interference amplitude for the dehydrated res-
in seems to be relatively small compared to that for interference
contribution from water molecules inside the resin as depicted
in Figs. 1 and 2. Therefore, the short-range contribution within
the resin is expected to be adequately subtracted by the procedure
employed in the present analysis. The next step of the data analy-
sis is to extract the intermolecular interference term for the
samples.

Figures 3 and 4 represent the difference scattering cross sec-
tions observed for the AER and CER samples, respectively, after
subtraction of the scattering intensities from the dehydrated resins.
The difference scattering cross section consists of the contribu-
tions from the intramolecular interference term of the water mole-
cule, the intermolecular interference term, and the self scattering
term, i.e.,

(do/d$2)*™ = (d0/d§2)in ™™ + (d0/d)y ™"
+ (do/d)e". )
The intramolecular interference term can be written as
(do /d$2);, "t
= (1 — x)[4boby exp(—lon> 0 /2) sin(Qron)/(Qron)
+ 2by” exp(—lus* Q% /2) sin(Qrim) /(Qram)], 2
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Fig. 4. Same notations as in Fig. 3, except for the cation

exchange resin (CER) samples.

where r;; and [;; denote the interatomic distance and the root mean
square amplitude of the i—j pair, respectively.

The self scattering term in Eq. 1 certainly involves the inelas-
ticity contribution, which is clearly observed in Figs. 3 and 4
as pronounced decreases in the intensities of the scattering cross
section at the higher-Q region. Although several theoretical ap-
proaches have been proposed in the literature,'®!3 no general cor-
rection procedure seems to have been established for the multiple
and inelasticity scattering corrections for the system containing a
considerable amount of H atoms. Previous Monte-Carlo calcula-
tions have indicated that the observed scattering intensities in
the liquid formic acid containing a large amount of H atoms de-
pend considerably on Q, reflecting the strong Q-dependence of
the multiple scattering term.'* The intensities of difference scatter-
ing cross sections observed for the present samples also exhibit
strong Q-dependent scattering intensities owing to the inelasticity
effect of H. Since it is difficult to evaluate the multiple scattering
contribution for the present sample adequately by a simple iso-
tropic approximation of Blech and Averbach,!> we employ in
the present analysis the empirical method of the polynomial ex-
pansion, which has frequently been applied to the data correction
for samples containing complexed molecules, such as liquid meth-
anol,'®!” ethanol,'® and Dp-glycerol.!” More recently, Belissent-
Funel et al. have indicated that the polynomial expansion method
supplies reliable inelasticity correction for liquid D,O and also
for the H,O-D,O mixtures.?’ This polynomial method was also
successfully adopted in evaluation of the self scattering term
observed for the *HCI-*H,0?' and the alanine—*H,0?* systems.
In the present analysis, the self term in Eq. 1 is evaluated by

(do/d2)* = (do/d2)*" + (do/d2)™ + (do/d)™
=A+BQ + CQ* + DQ° + EQ®. 3)
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The intermolecular interference term (do/d$2);, ™" decays much
faster against Q than the intramolecular interference term
(do/d$2);,™™, because the former is composed of atomic pair
correlations with larger interatomic distances and larger r.m.s. am-
plitudes. Then, the total (do/d$2)°® in the higher-Q region can be
well approximated as the sum of the intramolecular and self scat-
tering terms. Coefficients of the polynomial function A-E in Eq. 3
were determined by the least-squares fitting procedure under the
condition of minimizing the value U defined below:

Omax .
U= / [(d0/d2)™ — a(do /A2y,
Omin

— (do/d$2y*'1dQ. €]

The upper limit QOyax Was set to 8.97 A*], the maximum value of
the present observed data. The lower limit Qp,i,, Was chosen to be
3.0A"! in the present analysis, considering the following criteria
in determining a reliable (do/d$2);,/™" term:

1) Amplitude of the intermolecular interference term should be
small in the Q-region above the Qpp.

2) The values of the intermolecular distribution function, calcu-
lated by the Fourier transform of the (do/ds$2);, /™" in the lower-r
region between r = 0 to 1.5 A, is minimized.

In the fitting procedure, the renormalization factor « in Eq. 4
and the intramolecular parameter roy in Eq. 2 were treated as in-
dependent parameters in order to check the reliability of the pres-
ent correction procedure. The intramolecular parameters for the
water molecule except for the rog were taken from values deter-
mined by neutron diffraction studies for liquid pure D,0.?3?* The
fitting procedure was performed by the SALS program.? The val-
ue of roy determined was 0.98(1) A for AER-D,0, AER-*2H,0,
CER-D-0, and CER-°2H,0 samples. The value is in complete
agreement with that determined by neutron diffraction studies
for liquid pure D,0.23?* The values for the renormalization factor
o« =0.97(1) and 0.98(1) were obtained for the AER-D,O and
AER-%2H,0 samples, respectively. The values o = 0.98(1) and
1.00(1) were determined for the CER-D,O and CER-"?H,0
samples, respectively. These results imply that the uncertainties
in the data normalization are estimated below ca. 3% in the pres-
ent analysis. Consequently, the intermolecular interference term,
(do/d$2);, ™", was evaluated by the following equation:

(do/d) ™" = (do/dR)™ — (do/d)y ™™
— (do/d2)% . 5)
Intermolecular partial structure factors, ayu(Q), axu(Q), and
axx(Q) (X: atoms involved in the sample except for the water
hydrogen), were deduced from the combination of observed
(do/d2);, ™" terms for the three samples involving D,0, °H,0,
and *2H,O0:
(do/d$2)in ™" (for D) + (do/d2)y ™" (for “H)
— 2(do /d§2);, ™ (for O-2H)
= 2(1 = x)°bp’[am(Q) — 1. 6)
4(do /d$2);, ™ (for ©2H) — (do/d$2);, ™" (for D)
— 3(do/d2);, ™ (for °H)
= 4x(1 — x)brbplaru(Q) — 11+ 4(1 — x)*bobplaon(Q) — 1]
= 4(1 — x)bplxbr + (1 — x)bollaxu(Q) — 11, (N
(do /d$2);, ™" (for °H)
= 2x(1 = x)brbolaro(Q) — 11+ (1 = 0)?bo’[a00(Q) — 1]
= (1 — x)bo[2xbg + (1 — 0bollaxx(Q) — 11, ®)
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where bg stands for the sum of the coherent scattering lengths of
atoms involved in the average monomeric unit of the resin. Partial
structure factors aru(Q) and aro(Q) represent the interference
contributions between atoms involved in the resin and water-hy-
drogen and water-oxygen atoms, respectively.

The intermolecular distance, the root-mean-square displace-
ment, and the coordination number, rjj, jj, and ny;, for the i—j pair
were determined by a least-squares fit of the observed intermolec-
ular partial structure factors to the corresponding calculated ones,
aijmlc(Q), which involve a contribution from the long-range ran-

dom distribution of atoms as follows:26-28

@i (Q) = Y _ Bynij exp(—1i7 Q% /2) sin(Qry) /(Qrij)
+ 4 pexp(—1>Q* /2)[Qro cos(Qry) — sin(Qro)l0 >, (9)

where p is the number density of the stoichiometric unit (Resin),-
(*H,0),_,. The parameter ry denotes the distance beyond which
the uniform distribution of atoms is assumed, and [, describes
the sharpness of the boundary at ry. The coefficient ,Bij in Eq. 9 is
given as

B = (1 —x071/2, (10)

Bou = bolxbr + (1 — x)bo]™' /2, (1n
and

Boo = bol2xbg + (1 — x)bo]~". (12)

Since the present intermolecular partial structure factors axu(Q)
and axx(Q) contain interactions between atoms consisting the
resin and those within the water molecule, it is generally difficult
to distinguish contributions from the water—water and water—resin
interactions. In the present least-squares fitting analysis, the short-
range interactions in axy(Q) and axx(Q) are treated as the O-H
and O-O interactions, respectively. Structural parameters obtained
in the present analysis are therefore regarded as the average values
containing contributions from both the water—water and resin—
water interactions. The fitting procedure was made in the range
of 0.30 < Q0 <897 Al using the SALS program.?

The intermolecular partial distribution function g;(r) is repre-
sented as the Fourier transform of the observed a;(Q):

Omax
() = 1 + 2 or)! /0 Olay(Q) — 11dQ. (13)

The upper limit Qnax of the integral was taken to be 8.97 AL
Although the present value of the Oy, is relatively small to repro-
duce a short-range structural feature with sufficient r-space reso-
lution, the calculated g;;(r) should be useful for checking the con-
sistency between the calculated short-range structure derived from
the least-squares refinement and that from the observed a;;(Q).

Results and Discussion

Anion Exchange Resin (AER). The observed intermolec-
ular interference term, (do/ds2),,/™, for the AER samples
preferably oscillates around the asymptotic value 0 as shown
in Fig. 5. This implies that the polynomial fit applied for eval-
uation of the self scattering term has been adequately carried
out. A marked difference in the interference feature between
the (do/d$2);, ™" for these samples is attributable to the dif-
ference in the average coherent scattering length of water-
hydrogen atoms.

Intermolecular partial structure factors for the AER sample,
ayu(Q), axu(Q), and axx(Q), were obtained by the combina-
tion of the observed (do/d£2),,/™" through Eqs. 6-8, which
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Fig. 5. Observed intermolecular interference term for the
AER samples with different H/D ratios (dots).
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Fig. 6. Dots: Observed intermolecular H-H, X-H, and X-
X partial structure factors, a;;(Q), for the AER samples.
Solid lines: The best-fit of calculated interference term
in Eq. 9. The difference between observed and calculated
a;;(Q) is shown below (dots).

are given in Fig. 6. Corresponding intermolecular distribution
functions g;;(r), for the AER sample, are shown in Fig. 7. The
structural parameters, rjj, [;j, and n;j, were determined by the
least-squares fit to the observed a;;(Q) using the theoretical
function in Eq. 9, which involves short- and long-range contri-
butions. Prior to the fitting procedure, the correction for the
low-frequency systematic errors in the observed a;;(Q) was ap-
plied.?* In the present fitting, it was assumed that statistical un-
certainties distribute uniformly over the whole range of Q.
Contributions from the first and second nearest neighbor inter-
actions were taken into account in evaluating the present the-
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Fig. 7. Thick solid lines: Observed intermolecular H-H,
X-H, and X-X partial distribution functions, g;;(r), for
the AER samples. Thin solid lines: The Fourier transform
of the calculated ;;(Q), presented as the solid lines
in Fig. 6. Contributions from the short- and long-range
interactions are denoted by broken and dotted lines, re-
spectively.

oretical a;;(Q).

The results of the least-squares refinements are summarized
in Table 2. The nearest neighbor H--H distance, ryy = 2.40(3)
z&, observed for the AER sample is in excellent agreement with
that reported for pure liquid water.?!*-3% The present nearest
neighbor O--H distance (rog = 1.95(3) 108) is slightly longer
than that for pure water (1.85 A),3%34 while it is in good agree-
ment with those observed for aqueous 8 mol % NH4Cl (rog =
1.91 A),35 10mol % LiBr (ron = 1.91 A),3® and 2.5 mol % DL-
alanine (rog = 1.90 A)zz solutions. The value of the present
nearest neighbor O--H coordination number in the AER sam-
ple was determined to be 1.8(1), which agrees well with that
reported for pure water (noy = 1.8).3° These results imply that
the hydrogen-bonded structure among water molecules in AER
is very similar to that in the pure liquid water. On the other
hand, the present value of the nearest neighbor O--O distance,
roo = 2.93(5)A, is considerably larger than that for pure
water. It may be considered that the other interactions between
the water-oxygen and methyl-hydrogen and -carbon atoms of
the trimethylammonium group within the ion exchange site
of the AER are overlapped in this region. The intermolecular
distance between the methyl-hydrogen atom and the nearest
neighbor water-oxygen atom has been reported to be 2.58A
for an aqueous 3mol % DL-alanine solution.” This methyl-
hydrogen and water-oxygen interaction may contribute as a
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Table 2. Results of the Least-Squares Refinement for Partial Structure Factors, agg(Q), axu(Q), and axx(Q), Observed for

(AER) 0434(*H20)0.9566 and (CER)g 1067(*H20)0.8933"

Bull. Chem. Soc. Jpn. Vol. 79, No. 7 (2006)

(AER)0,0434(*H20)0.9566

(CER).1067(*H20)p 8033

1037

-
T

app(@) — 1 axu(@ -1  axx(@ -1  agu(@ -1  axu(@ -1  axx(Q)—1
i-j H-H O-H 0-0 H-H O-H 0-0
Ist nearest rij/l:x 2.40(3) 1.95(3) 2.93(5) 2.28(3) 1.78(3) 2.80(3)
Neighbor Lij/A 0.22(3) 0.20(3) 0.36(3) 0.19(3) 0.15(3) 0.23(3)
i 2.43(3) 1.8(1) 3.4(8) 1.3(1) 1.0(1) 2.4(1)
2nd nearest rij/j& 3.59(3) 3.07(5) 4.1(1) 3.27(8) 3.3(5) 4.19(5)
Neighbor lij/A 0.70(3) 0.34(5) 0.6(1) 0.78(3) 0.58(3) 0.72(3)
ij 9(1) 6(1) 10(5) 4.7(8) 8(1) 12(1)
Long-range ro/é 3.84(8) 3.3(1) 4.7(8) 3.2(1) 3.4(1) 5.1(1)
Interaction lo/A 0.88(5) 0.2(1) 0.7(5) 0.60(8) 0.6(3) 0.60(5)
a) Estimated errors are given in the parentheses.
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Fig. 8. Same notations as in Fig. 5, except for the CER samples.

negative peak in the present gxx(r) because of the negative
scattering length of the H atom. This will cause the position
of the average intermolecular interaction of the gxx(r) to be
more distant.

Cation Exchange Resin (CER). The observed intermolec-
ular interference term, (do/d$2);, ™", for the CER samples is
represented in Fig. 8. A systematic difference in the interfer-
ence feature of (do/d£2);,™" can be observed according to
the difference in the average scattering length of the water-hy-
drogen atom. Intermolecular partial structure factors, ayu(Q),
axu(Q), and axx(Q), for the CER sample were derived by
combining the observed (do/d$2);,, ™" by applying Eqs. 6-8,
as shown in Fig. 9. Corresponding intermolecular partial dis-
tribution functions are given in Fig. 10. The first peak located
at r ~ 23 A in the present gyp(r) is attributable to the nearest
neighbor intermolecular H--H interaction between hydrogen-
bonded water molecules; however, the position is ca. 0.1 A
shorter than that observed for pure water and water absorbed
in the AER sample as described above. The position of the first
peak appearing at r & 1.8 A in the present gxy(r), is slightly
shorter than that for the hydrogen-bonded O--H correlation
in pure liquid water. The height of this nearest neighbor peak
is considerably lower than that found in pure water. This
implies that the hydrogen-bonded structure within the CER
sample is significantly different from that in pure liquid water.

The results of the least-squares refinements are represented

Fig. 9. Same notations as in Fig. 6, except for the CER samples.

in Table 2. The nearest neighbor H--H distance in the CER
sample (2.28(3) A) is ca. 0.1 A shorter than that reported for
pure liquid water (2.4 A).2129-34 The present value of the near-
est neighbor O--H distance (1.78(3) A) is also considerably
shorter than that for pure water. The nearest neighbor O--H
coordination number was obtained to be 1.0(1), indicating that
the hydrogen-bonded network among water molecules is sig-
nificantly affected by the presence of the sulfonate group in
the CER. According to our previous neutron diffraction study
on concentrated aqueous sulfuric acid solutions, a considerably
shorter O-H distance, ro. = 1.7 A, was observed,* which
reflects strong intermolecular hydrogen bonds. The shorter
O--H distance has also been found in highly concentrated
aqueous hydrochloric acid solutions (ro..g = 1.69 A),zl which
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Fig. 10. Same notations as in Fig. 7, except for the CER
samples.

is strongly related with the O--H distance within the protonat-
ed water dimer, HsO,". The present value of the nearest
neighbor O--H distance (1.78(3) 10\) can be regarded as the
average value of the short O--H distance closely related with
HsO," and the normal hydrogen-bonded distances among
water molecules. These results indicate that the intermolecular
hydrogen-bonded structure among water molecules is signifi-
cantly modified due to the strongly acidic environment in the
CER sample.
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